In this paper, a combined genetic algorithm and non-linear optimisation system is designed and used in the identification of structural damage of a cantilever isotropic beam regarding its location and severity. The vibration-based features, both natural frequencies (i.e. eigenvalues) and displacement mode shapes (i.e. eigenvectors) of the structure in the first two out-of-plane-bending modes, are selected as damage features for various types of damage comprising saw-cut and impact. For this purpose, the commercial finite element modelling and analysis software MSC Patran/Nastran ® is used to obtain the aforementioned features from intact and damaged structures. These features are arranged to construct residual equations of the structure and to identify damage location and severity, the residual vectors are minimised using a combined genetic algorithm and non-linear optimisation system. The prediction of the damage type compares the objective function values of different simulations which are associated with damage types.
Introduction
Four levels of damage identification as represented by Rytter [1] , as follows:
• Level 1: Determination that damage is present in the structure • Level 2: Determination of the geometric location of the damage • Level 3: Quantification of the severity of the damage • Level 4: Prediction of the remaining service life of the structure Vibration-based damage identification methods indicate only the Level 1 and Level 2 damage identification. If the structural model is included in vibration-based analysis, then Level 3 damage identification can be obtained. Level 4 prediction is generally associated with the fields of fracture mechanics, structural design assessment and fatigue-life analysis. In order to have Level 3 type damage identification method, structures can be modelled analytically or via finite element methods. The finite element methods are receiving an attention in recent years due to providing an opportunity of analysing even complex structures accurately and economically [2] . Most of the damage identification methods in literature use FEM extractions [3] or directly FEM updating for matrix updating methods [4] . Using FEM can also be divided into two main groups; researchers using their own in-house FE codes [5] and the researchers using commercial FEM tools [6] . If FEM updating is associated with researchers who are using their own codes, then it can be said that those codes are more applicable on multi damage cases [7] although they are limited with the shape of the structure, i.e. FE codes written on the basis of beam elements can only be applicable to 1-D beam-like structures. The difficulty on damage detection is due to the fact that it is a non-unique and inverse problem as different damage types at various locations and with different severities may lead same changes on the dynamic behaviour of the structure [8] . Therefore, type sensitive algorithms may results better in location and severity predictions but the assumption of detecting the correct type of damage holds true. Different type of damage creates different physical properties on the host structure. Due to the fact that modal parameters are functions of physical properties of the structure, changes on physical properties affects also modal parameters. For example, any deficiency due to an impact on structure can be modelled as percentage reduction in stiffness of the elements that are exposed on FE [5] . Furthermore, saw-cut on a structure can be modelled as a percentage reduction in thickness [9] and/or cross-section [10] of the model. These difficulties in damage identification generally increase gradient based optimisation algorithm's probability to get stuck into a local minimum rather than finding a global optimum. Both its ability to explore whole solution space and being non-gradient while searching makes Genetic Algorithm (GA) to be a candidate for this optimisation problem. However, genetic algorithm is inherently slow especially in convergence step of the optimisation. Therefore it is decided to combine GA power of finding promising regions for the solution space with a speed of "local optimiser" and constrained nonlinear multivariable function of Matlab [11] (so-called FMINCON) is chosen as the hybrid optimiser.
Finite Element Modelling and Analysis
The isotropic cantilevered beam structure (1000mm × 50mm × 25mm) is used during the analysis and modelled in MSC Patran ® [12] via QUAD4 element type as 15×1 elements to correlate with benchmark article [5] . Figure 1 Different mesh densities are studied in order to select the optimum one, i.e. providing of minimum computational source with reasonable accuracy. The criterion for the accuracy is provided in the form of percentage difference from the analytical data and it is given in Equation (1). 15x1 QUAD4 elements (Table 1 , representing the natural frequencies of the healthy structure) are selected due to providing results with reasonable degree of accuracy and to correlate with number of elements with the study [5] which is chosen as a benchmark.
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Theoretical [13] FEA [5] FEM (QUAD4 15x1) % Difference % Difference In order to test the damage detection algorithm; single damage modelling procedure is followed for all elements with various damage severities. Damage severities are covered from 10% reduction of predefined properties as minimum to 70% reduction as maximum by an increment of 10%. Therefore, seven different damage severities on number of elements (i.e. 15 different elements along the span of the beam) provide 105 different damage scenarios in total to check the damage detection system for each damage type. However, for multi damage cases, a random damage creation routine is written in order to create damage scenarios which are twice the number of elements and every individual element involves scenarios with two different damage severity cases. Table 2 shows single damage scenarios and the damaged natural frequency ( ) results of the FE analysis. 
Damage Sensitive Features
The presence of damage changes structural properties of the structure. These changes can be directly observed on natural frequencies and mode shapes, or can be analysed post processed versions of those as such, curvature mode shape, modal strain energy, etc. Due to the fact that, having more than one feature is beneficial to identify damage which is a non-unique and inverse problem, both natural frequency and mode shape information are used with Residual Force Vector (RFV) technique [14] for the damage identification method developed in this study. Commercial program MSC Patran/Nastran ® is used for both modelling and extracting the necessary information for RFV method. The necessary information, namely the damaged eigenvalues, corresponding eigenvectors and the intact structure's elemental mass and stiffness matrices, are obtained by means of a special coding so-called Direct Matrix Abstraction Programming (DMAP) of MSC Nastran ® . DMAP enables extracting structural properties of a model in a file(s) and gives opportunity to analyse it/them elsewhere, such as Matlab, which is used in this particular research study. By means of these analysis, the effects of the damaged models comprising impact type damage (i.e. percentage reduction in elastic modulus) and/or saw-cut type damage (i.e. percentage reduction in thickness) on the obtained mass and stiffness matrices are represented in the form of sensitivity matrices. Then, these damage sensitivity matrices are embedded into RFV equation and it becomes; , .
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where represents the j th mass normalised eigenvector, and are the i th element of stiffness and mass matrices, respectively. Additionally, and stand for mass and stiffness sensitivity matrices, respectively. If impact type damage is in question then is a measure of elastic moduli change, however, if saw-cut type damage is the one in question then both and are measure of thickness change simultaneously. That means, the sensitivity analyses are performed for impact type damage with the assumption of having no change in the mass of the structure by means of an impact and therefore, matrix is not taken into account. Sensitivity analyses are conducted by 10% deviations of the property of interest starting from 10% to 100% of the individual element. In Equation 2, variable provides results between 0 and 1, which are representing complete loss of an element of a structure and undamaged element, respectively.
Optimisation Problem
The schematic of the detection procedure given in Figure 2 actually sums up how the optimisation routine works. As it is seen from the figure, the first part is for the preparation of the damage detection system. For this purpose, Matlab and Msc.Nastran work simultaneously on intact FEM model. The second part, on the other hand, is responsible from getting information of the damaged structure which is in fact the external input to the system. This can also be done either by providing experimental analysis results of the damaged structure or by creating hypothetical damage scenarios via FE modelling and analysis results. Damaged models generated on FEMs are preferred in this research study in order to check damage detection system performance and to avoid costly experimental tests and analyses. The third part is the optimization part of the system which is handled by means of both Genetic Algorithm (GA) and non-linear optimization hybrid system which belong to the optimization toolbox of the Matlab [15] . In the optimisation algorithms, in order to reach a solution, boundary conditions are set to values between 0.3 and 1.0 by providing a correlation with the severities simulating various damage scenarios.
In this study, GA, which is a solver of Matlab optimisation toolbox, is applied on structural damage identification in order to minimise the objective function which is given in the following equation;
where is the j th mode shape of the damaged structure and "n" is the number of mode shapes that are used to be optimised. The optimisation is performed over RFV by making it approach to zero after certain number of iterations and/or generations. Norm of a vector, which corresponds to any value of Eqn. 3, is calculated via Matlab as in Equation 4 . (4) where l is the total number of elements of the vector and is the k th element of the vector. This equation enables to minimise the total distance to 0 of the objective function.
Non-linear optimisation function working with GA is "FMINCON" which is the acronym of "Find MINimum of CONstraint nonlinear multivariable function". Constrained minimisation is the problem of finding a local minimum in predefined constrained solution space of a scalar function. Aim at using hybrid-genetic algorithm is to combine genetic algorithm (GA) power of finding promising regions for the solution space with the speed of the local optimiser (FMINCON) [16] . 
Damage Identification Results
In this section, 2-D damage detection results obtained by applying hybrid-GA optimisation algorithm on damage scenarios are presented ( Table 2 and Table 3 ). First, impact type damage results are given with single and multi-damage cases and then saw-cut type damage detection results are provided with same order. Finally, damage type decision mechanism is explained under the investigation of damage type section.
Impact Type Damage
As a sample damage case, the below results correspond to the impact type damage on the 12 th element with 20% severity (Table 2 ). GA narrows down the solution space of the optimisation problem within 250 iterations, which is shown in Figure 3 and then pass the problem to non-linear optimisation for further iterations. Italic and bold style written numbers in this study, as in Figure 3(c) , indicates damage locations and corresponding intactness levels of the elements. Non-linear optimisation (i.e. FMINCON) works as a part of the hybrid optimisation routine and the starting point for the optimisation problem (i.e. investigation for the damage) is given on Figure 3 (c). Following GA part, FMINCON starts to optimise the problem from the points presented in Figure 5 (c) and concludes the optimisation with the identified state of the structure (Figure 6 (c) ). 
Saw-cut Type Damage
Same exemplification procedure with impact type damage (given in section 4.1) is followed for this part as well. Damage on the 12 th element with 20% severity case ( Table 2) is selected as an example for the saw-cut type damage. GA starts optimisation to create 250 generations and concludes the optimisation problem with the results shown in Figure 7 (c).
Having obtained the results from GA part, FMINCON handle the rest of the optimisation as a part of hybrid system and finalises the optimisation problem with given intactness levels presented in Figure 8 (c). It can be seen from Figure 8 (c) that the damage is on the 3 rd element with 40% severity is predicted perfectly.
For the multi damage case, same scenario with multi impact case is selected ( Table 3) . The results for GA optimisation part are given in Figure 9 where part (c) is the final state of the GA results after 250 generations. Finally, as it can be seen from the Figure 10 (c) that FMINCON finds the exact damage location and the corresponding damage severity with an approximate objective function ( Figure  10(b) ). 
Investigation of Damage Type
Damage detection mechanism shown in Figure 2 in part 2 is repeated twice in order to select which damage type fits more on the given state of the damaged structure. 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.80 1.00 1.00 1.00
Fittest one is decided by comparing their convergence levels (i.e. the lowest objective function value is being the fittest). For instance, if damaged structure's two eigenvalues and corresponding eigenvectors are given (e.g. Table 4 damaged natural frequency data and corresponding mode shapes) and the damage detection algorithm is asked to find the damage type, severity and location, then the detection system follows the following procedure : First, it pretends as if the damage is impact type and tries to simulate the following ( Figure 11 ) and then it finds the optimum simulation for the impact type damaged structure ( Figure 12 ). Then it pretends as if the damage is saw-cut and tries to simulate the following ( Figure 13 ) and finds the optimum simulation for the saw-cut damage as well ( Figure 14 ). Finally, it compares the fitness levels of the simulations by looking their final objective function values, which are 11.67 and 4036.02 for impact type and saw-cut type damage respectively. Lowest objective function value points out the damage type and the structure's damaged state. Therefore, in this particular case, damage type is an impact type and on the 7 th element with 30% severity (Figure 12 ).
Conclusions
The results obtained indicate that the method proposed in this paper which uses a combined genetic algorithm and non-linear optimisation proved to be effective in the determination of type, severity and location of damage created for beam structures.
